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FIG. 1. Effects of acetylcholine and MTX-2 on the contractile activity of circular muscle strips of the guinea-pig
proximal colon. MTX (5nM) induced a transient contraction sensitive to atropine (2uM). Contractions to
acetylcholine (Ach, 5uM) were abolished irreversibly, even after extensive washout (W) of MTX.

the spontaneous and acetylcholine-induced con-
tractile activity in the intact guinea-pig proximal
colon. These effects are likely to be related to the
large inward current observed in voltage clamped
single cells exposed to MTX, arising from the
induction of MTX channels selective for K* and
Na*. Some of these results have been presented
previously in brief (Lang et al.,1992).

METHODS

MTX-2 used in this study was isolated from
cultures of the NQI1 strain of G. roxicus and
purified to homogeneity on HPLC as previously
described (Holmes et al.,1990). This MTX has a
molecular weight of 3290 Daltons for the sodium
salt, a LDsg of 0.08.g/kg in mice (applied intra-
peritoneally) and was dissolved in a small volume
of methanol: water (1:1).

CONTRACTION STUDIES

The proximal colon {6cm long, 1-2cm aboral
of the caecum) of the guinea-pig was excised and
cut into 0.5cm rings Preparations were placed in
5ml organ baths and suspended under 0.5g ten-
sion between two stainless steel rods to allow
recording of circular muscle contraction.

Isometric recordings (F-60 Narco Biosystems)
were made at 37°C. Tissues were maintained in
oxygenated (95% O2: 5% COz) physiological
saline solution containing (mM): NaCl 137; KCl
2.7,CaCl21.8; MgCl; 1.0; KH2PO4 0.5, NaHCO3
11.9; glucose 5.5. Preparations were equilibrated
for 30 min and then used after obtaining
reproducible responses to acetylcholine (SpM).

CELL DISSOCIATION

The proximal colon (3—4cm long), 1-2cm
aboral of the caecum, of the guinea pig was
excised, cut open longitudinally and pinned out,
mucosal surface uppermost, in a dissecting dish
filled with a nominally Ca“*-free physiological
saline (PS)(see below). After removal of the
mucosa, the circular muscle layer was pecled
from the under]yin; longitudinal layer, cut into
small pieces (2mm°) and rinsed in low- Ca?* (30
M) PS for 2 min (at 37°C). The muscle pleces
were then transferred to low-Ca* PS containing;
collagenase Type 1(0.6mg/ml; Worthington);
bovine serum albumin (2mg/ml; Sigma) and tryp-
sin inhibitor (0.2mg/ml; Sigma). After a 60
minute incubation perlod the muscle pieces were
re-suspended in low- Ca?* PS and gently agitated
for 10 min (at 37°C). Single cells were obtained
by gentle trituration with a wide-bore glass
pipette. Cells were allowed to settle for 5-10 min
to the glass bottom of the recording chamber
mounted on an inverted mlcroscope the solution
was then exchanged for normal Ca** (1.5mM) PS
(Vogalis et al.,1993).

WHOLE-CELL AND SINGLE CHANNEL CURRENT
RECORDINGS

Patch pipettes were drawn from glass capillary
tubing (1.5-1.8mm; Kimax-51, Kimble, USA) on
a programmable micro-pipette puller (Sachs-
Flaming PC-84, Sutter Instruments) and their tips
fire polished (MF-84 Narishige). Pipettes resis-
tances ranged from 2-7M() when filled with
pipette solution. Single channel and whole-cell
membrane currents were recorded at room
temperature using an Axopatch 200 (Axon In-
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FIG. 2. Effects of MTX (5nM) on the whole-cell membrane currents recorded in single cells of the guinea-pig
proximal colon. Cells were voltage clamped at a holding potential of -80mV with a K*-containing pipette.
Stepped changes in potential (100-400ms in duration) were applied to cells to evoke voltage-gated membrane
channel currents in control solutions (A) and 34 minutes after exposure to MTX (5nM)(B); short lincs on either
side of these panels represent the zcro current level. Note the ten-fold change in the vertical scale in B. C, current
voltage plots of the initial peak amplitude (filled circles) in control saline and the end of pulse current before
(hollow circles) and after MTX exposure (filled triangles).

itial transient component of the Ca®*-insensitive
K* current. On the other hand, blockade of the
sustained component of the Ca?*-insensitive cur-
rent with TEA (12-20mM) reveals the time
course of the rapidly activating and inactivating
transient outward current, (Ixw) which was
blocked by 4-AP (5SmM) (Rudy,1988). In cells
recorded with pipettes containing Cs-saline,
stepped depolarizations elicits an inward current
at potentials positive to <40mV which peaks near
+10mV, reverses in direction near +50mV and
decays slowly over 400ms This mward current
was increased when Ba** replaced Ca®* in the
bathing solution and blocked by the Ca**-entry
blockers, nifedipine (10pM) or Cd** (0.1mM),
indicating that it represents current flow [hrough
‘high-voltage activated’ or ‘L-type’ Ca®* chan-
nels (Icq) (Vogalis et al.,1993).

ACTION OF EXTERNALLY-APPLIED MTX

MTX (5nM) induced a massive increase in the
holding current (at a holding potential of —80
mV), from about 50-100pA to about 1000-3000
PA, but only after a delay of some 15-45 minutes
(n=14 cells). When the whole-cell membrane
currents (elicited every 20mV between —90 and
+30mV) rccorded before (Fig.2A) and 34 min-
utes after (Fig.2B) the application of MTX (5 nM)
are illustrated, note the ten-fold change in the
vertical scale in Fig.2B. The time-dependent
whole-cell currents in control saline were totally

swamped by the MTX-induced current (Ipmrx)
which shows little time dependence. During the
development of this inward current, however,
MTX had little effect on the three whole cell K*
channel currents or on the Ca?* channel current
which underlic the currents in Fig.2A (data not
shown). In fact, development of Iyrx was little
affected by a number of known K* channel block-
ers such as TEA (2-126mM), quinidine (0.5
mM), 4-AP (5mM), glybenclamide (10-20p,M)
or Ba?* (7.5mM).

The current-voltage (I-V) relationship of the
initial peak amplitude (/x10) and the current at the
end of these depolarizing steps in control saline
(Ikca + Ixdet) and 34min after MTX (5nM)
(Fig.2C) shows that Imrx has no voltage depend-
ence (linear) and rcverses in direction near =20
mV, suggesting that MTX induces an increase in
the membrane conductance to the cations Na* and
K*, or to CI', possibly by the opening of mem-
brane channels.

The 1onic selectivity of these MTX-activated
channels was invcstigated by substituting the ex-
tracellular Na* and intracellular K* with other
cations known to have different permeating prop-
erties. In the TEA* (126mM) saline, Iyrx in-
duced by 5nM MTX (Fig.3A top panel; B) was
linear between —90 and +40mV and reversed in
direction at -60mV, positive of Ex {(-78mV),
suggesting that current flow was mainly carried
by K*. This Ia7x was blocked vpon the addition
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FIG. 3. MTX-induced currenis in colonic cells
recorded with K* or Cs*-containing pipettes. MTX-
induced whole-cell currents (fysrx) every 20 mV be-
tween -90 and +30mV (from a3 holding potential of
-80mV) in colonic cells filled with K*-containing (A,
B hollow circles) or Cs*-containing (C, D hollow
circles) pipette solutions. Iyrx was blocked by Cd**
{1mM) (A,C middle panels; C,D filled circles), these
effects of Cd** were quickly and readily reversible
vpon Cd** removal (A.C lower panels; B,D hollow
triangles). Short lines on either side of these pancls
represent the zero current Jevel, In 4,8, the external
Na* concentration had been mostly replaced with the
impermeant TEA* (126mM), [asrx reversed in direc-
tion near -60mV. In Cs*-filled cells Jaryy reversed in
direction ncar OmV (C,D).

of Cd* (1mM) to the hathing solution
(Fig.3A,middle pancl; B). These effects of Cd**
were completely reversible upon its removal
(Fig.3A,B lower panels; C,D). Whenthe intracel-
lular K* (126 mM) is replaced with Cs* (Fig.3C),
a cation known to be permcant through many
Ca®* and non-selestive cationic channels, but
mastly impermeant through K'Y channels

3
<3

(Hille,1984), the reversal potential of Jury was
near OmV (Fig.3D), a reversal potential 10 10
20mV positive of the reversal potential obtaincd
when K* was the main intracellular monovalent
cation. The data suggest that /y7x under normal
physiological gradients is carried by Na* and K*
and that Cs*, but not TEA, will also freely pass
through these MTX-induced channels

The channels activated by MTX may also allow
the flow of. or be modulated by Ca**. The
development of Iyrx was not prevented if Ca>* in
the bathing solution was omitted. However, sy
increased in amplitude if the Ca®* concentration
was raised to 6.25mM Ca®. Ihgx was also
reduced but not blocked by nifedipine (1-10pM)
or La** (ImM).

EFFECTS OF INTERNALLY-APPLIED MTX

When MTX (5nM) was added to the pipette
solution (containing 3mM EGTA) lwry
developed slowly after formation of the whole-
cell seal. Effects of MTX on the instantancous
whole-cell current (Fig.4B) activated by a ramp
depolarization (to potentials between —60 and
+100mV) showed this current reversed near OmV
and was sensitive to blockade by Cd>* (0.1mM)
(Fig.4C). This fuyrmx was only 200-300pA in
amplitude (a1 —-60mV) compared with the 2000-
3000 pA current (at —-80mV) observed when
MTX was applied externally (Fig.2). However. if
the Ca** chelating agent, EGTA, was omitted
from the pipette solution the Iy7x induced by
internally applicd MTX was larger and reversed
at more negative potentials (near -60mV)(n=2).
The addition of TEA (5mM) to bathing solution
substantially reduced this /yrx and shifted its
reversal potential to near OmV, suggesting that in
the absence of EGTA the internal Ca’* concentra-
tion is relatively high so that fkce contributes w
the measured increase in current. These data also
suggests that MTX can fornvactivate its channels
from the internal surface ol the membrane.

SINGLE CHANNEL RECORINNGS

Recordings of the eurrent flow through single
MTX channels were made in the cell-attached
patch clamp mode with patch pipettes filled with
normal PS containing 10mM TEA and SnM
MTX. The membrane patches were depolarized
with ramp depolarizations to obtain the instan-
taneous I-V relationship of any open channcls.
After seal formation the slope of the ramped-
evoked current increased with time until discrete
single channe) apeningx and closings were ob-
served. The current Now threagh these channels
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FIG. 4. Influence of pipette-applied MTX. A, cell-attached recordings of the development of MTX-activated
single channels. Pipette solution contained normal saline plus 10mM TEA and 5nM MTX. B, development of
whole-cell IyTx after introduction of MTX (5nM) into the cell interior. Pipette solution contained high K* saline
plus 3mM EGTA. lyrx activated by internal MTX was also sensitive to extracellular Cd?* (1mM) blockade

©).

was inward at the resting membrane potential
(OmV added to the patch pipette). As the
membrane patch was depolarized, however, the
single channel amplitudes decreased until zero
current flow was recorded at a potential some
30mV positive of the resting membrane potential.
Outward current flow was recorded with further
depolarization of the membrane patch. Such a
reversal potential 30mV positive of the resting
membrane potential is consistent with the rever-
sal potential of Iyrx (=20 to —10mV) measured
under whole-cell voltage clamp (Figs 2A,3A).

DISCUSSION

The spontancous contractions of the circular
muscle of the proximal colon and the contractions
to acetylcholine were inhibited concentration-de-
pendently by MTX (0.005-5nM). These effects of
MTX followed an initial transient contraction to
MTX (Fig.1) which was sensitive to blockade by
the muscarinic antagonist, atropine. Given that
MTX can stimulate rises in internal Ca>* levels
and neurotransmitter release from nerves and
glands (Kim et al.,1985; Gusovsky et al.,1988),
we suggest that this initial contraction arises from
the releasc of acetylcholine from cholinergic
motor neurones known to be present in this colon

preparation. The subsequent blockade of the
spontancous activity and the contractions to
acetylcholine were mimicked by monensin (0.1-
10p.M), the Na* ionophore, suggesting that arise
in the intracellular Na* is induced by MTX.

At the single cell level, MTX triggered a whole-
cell inward current, Iy7x, that was some 50-100
times larger than the holding current (at —-80mV)
in control saline (Figs 2,3). The channels opened
by MTX appeared equally permeable to K* and
Na* as the reversal potential of Iyrx (=30 mV)
was midway between Ex and Ena. Confirmation of
this reversal potential comes from the cell-at-
tached single channel data which showed that the
reversal potential of the single channel currents
was some 30mV positive of the cell’s resting
membrane potential (likely to be —40 to —~60mV)
(Fig.4A). Replacing most of the external Na*
with TEA* shifted the reversal potential of Imrx
to near —-60mYV, suggesting that, under these con-
ditions, current flow was now mostly carried by
K*. Replacing the internal concentration K* with
Cs* moved the Imrx reversal potential some
20mV positive (to OmV), even though it had a
greater driving force (no added Cs* in the bath
would mean that its Nernst potential would be
very negative), suggesting that Cs* does not flow
through thesc MTX channels as readily as K*.
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